A study was undertaken to determine the relationship between chromosome composition and embryo development. Bovine cumulusoocyte complexes were matured in vitro and exposed to semen from one of three different bulls, one of which was a 1/29 Robertsonian translocation carrier. There were no significant differences among the three bulls in their sperm penetration or in the cleavage or developmental rates of resulting embryos, which were subjected to chromosome analysis on Day 2 (40-44 h postinsemination [hpil) and Day 5 (120-124 hpi) of development. No difference was detectable in the growth rates of embryos of different chromosomal composition on Day 2. On Day 5, a total of 343 embryos were obtained from all three bulls, of which 158 embryos could be karyotyped and assessed for cell numbers. Cell numbers for the Day 5 embryos showed that the mean numbers for the individual chromosome compositions (leastsquares means ± SEM) were 7.9 + 6.0 for haploids, 7.9 6.0 for polyploids, 16.8 4.3 for aneuploids, 23.4 4.0 for mixoploids, and 30.0 1.7 for diploids, indicating a significant reduction in the growth rate of embryos with chromosomal abnormalities (p < 0.001). It was concluded that development rates (as evidenced by cell numbers) were slowest in haploid and polyploid embryos, intermediate in aneuploid embryos, and fastest in mixoploid and diploid embryos.
INTRODUCTION
Chromosomal abnormalities constitute a major cause of embryonic loss in mammals [1, 2] . Incidence of chromosomal abnormalities in the embryos of domestic animals has been estimated to be at 7-10% (for review see [2] ). However, only a few chromosomally unbalanced individuals are born alive in domestic animals or human beings [1, 2] , indicating that most of these chromosomal errors cause embryonic or fetal loss. Chromosomal abnormalities present in liveborns include those involving the sex chromosomes (monosomies or trisomies), autosomal trisomies, or balanced structural rearrangements; all of these abnormalities cause reproductive and health-related problems of varying degrees [1, 21. Incidence of chromosomally abnormal embryos also declines as the age of the embryo increases, further indicating a progressive loss of abnormal embryos at specific stages in early development [2, 3] .
While various investigators have examined the incidence of chromosomal abnormalities in bovine embryos produced in vitro [3] [4] [5] , few have looked at these anomalies at specific cell stages [3] . While it has been shown that the sex chromosomal complement of bovine embryos can affect the rate of development and lead to faster development of the male embryos than of the female ones [6] [7] [8] , it is not clear when autosomal abnormalities begin to exert their efAccepted September 1, 1995. Received July 12, 1995. 'Presented in part at the 27th annual meeting of the Society for the Study of Reproduction, July 1994, Ann Arbor, MI. This project was financially supported by the Natural Science and Engineering Research Council, Agriculture Canada, the Canadian Association of Animal Breeders, and the Ontario Ministry of Agriculture, Food and Rural Affairs.
2Correspondence: W. Allan King, Department of Biomedical Sciences, Ontario Veterinary College, University of Guelph, Guelph, Ontario, Canada NIG 2W1. FAX: (519) 767-1450; e-mail: waking@uoguelph.ca fect on bovine embryo development. With the recent advances in technology to produce embryos in vitro, the study of preimplantation/preattachment embryos has become more feasible, and it is possible to directly observe the impact of chromosomal abnormalities on embryo development. Bovine embryos derived by in vitro procedures are similar to embryos produced in vivo in many respects, including rates of cleavage up to the eight-cell stage, protein synthetic profiles [9] , glucose metabolism [10] , ultrastructure [11] , and rate of pregnancy after the transfer of selected blastocysts to recipients [8] . In vitro developmental rate, if identified as an indicator of chromosomal anomalies, may serve as a tool to eliminate chromosomally abnormal embryos from subsequent transfer. For this to be feasible, it is necessary to determine whether such embryos develop more slowly than normal embryos and to identify the postinsemination interval at which developmentally advanced embryos tend to be of normal chromosome composition. The present study was undertaken to examine the incidence and types of chromosomal abnormalities detectable at specific times of development of in vitro-derived bovine embryos and to examine the relationship between these abnormalities and embryonic development.
MATERIALS AND METHODS

Embryo Production
Embryos were produced by in vitro fertilization as described by Xu et al. [8] . Briefly, cumulus-oocyte-complexes (COCs) were obtained by slicing ovaries in a medium containing HEPES-buffered Ham's F-10 (Gibco Laboratories, Burlington, ON) supplemented with 2.0% (v/v) steer serum, 2.0 IU heparin/ml, 10 000 IU penicillin/ml, and 10 000 gg streptomycin/ml (Gibco). The COCs were transferred into 50-pl droplets (10 COCs/droplet) of Tissue Culture Medium (TCM) 199 with 25 mM HEPES (Gibco) supplemented with 10% steer serum under light mineral oil (centistokes < 33.5 at 40.0°C; Sigma, St. Louis, MO) and allowed to mature for 22-24 h. The expanded cumulus was removed mechanically by continuous pipetting in Tyrode's Albumin-LactatePyruvate-Hepes medium (TALP-Hepes; [12] ). Motile spermatozoa were selected from frozen-thawed sperm by the swim-up technique [12, 13] . Denuded oocytes were fertilized with 1 X 106 spermatozoa/ml for 18-20 h under light mineral oil in 50 pl TALP-in vitro fertilization medium [12] during coculture with bovine oviductal epithelial cell (BOEC) explants. The BOEC explants form worm-like structures with active cilia [8] . Approximately 15-20 BOEC explants were added to each 50-gl culture droplet. After fertilization, presumptive zygotes were transferred to 50-gl microdrops containing BOEC and in vitro culture (IVC) medium (TCM 199 supplemented with 10% steer serum), with 10 zygotes/50-pl droplet. Zygotes were cultured for two or five days in vitro (day of insemination = 0). For embryos cultured to Day 5, an additional 50 p1 of IVC medium was added to the droplets 3 days after insemination. All incubations were carried out at 38.5 0 C in a humidified atmosphere of 5.0% CO 2 in air.
Experimental Design
Approximately 240-300 oocytes were collected on each day of the experiment. The oocytes were divided evenly into two main groups representing the duration of culture. Each culture group was then further subdivided into three subgroups that were simultaneously exposed to sperm samples from different bulls: a Holstein-Friesian (N), a Polled Limousin (P), and a Swedish Red and White 1/29 Robertsonian translocation carrier (T). One culture group of embryos was examined on Day 2 (40-44 h postinsemination [hpi]); the other was examined on Day 5 (120-124 hpi). This experiment was replicated 12 times.
Sperm penetration (2 replicates only) was confirmed under the microscope by the presence of two or more pronuclei (polyspermy by three or more pronuclei) and evidence of sperm structures within the oocytes. Cleavage rates (Day 2 and Day 5 culture groups) were determined 40-44 hpi and expressed as a percentage of the embryos exhibiting two or more blastomeres out of the total number of oocytes used for each bull. Embryo development (Day 5 only) beyond the eight-cell stage was assessed at 120-124 hpi. Embryos were assessed for development after fixation onto slides to count the total number of nuclei, and the rate of development was calculated as a percentage of the embryos that reached beyond the eight-cell stage out of the total number of oocytes exposed to spermatozoa for each subgroup.
Chromosome Analysis
Embryos (Day 2 and Day 5) were prepared and examined for their cytogenetic composition and the total number of nuclei each embryo contained. Colcemid (Gibco) was added to the culture drops to give a final concentration of 0.05 I1/ ml, and the drops were incubated for 5 h at 38.5°C in a humidified, 5.0% CO 2 in air environment. Each embryo was treated with 1.0% (w/v) sodium citrate and fixed on slides [14] . The slides were stained in a 4.0% (w/v) Giemsa solution for 4 min, and the nuclei and metaphase spreads were counted under a compound microscope at low power. The chromosomes were examined at 1000 x under oil, and the chromosome composition was determined for each embryo. The categories for the chromosome composition of the embryos were classified as follows: haploid, polyploid, mixoploid (embryo with blastomeres of different ploidies), aneuploid, or diploid. Any embryo that did not fall into these categories due to gross overspreading or clumped chromosomes was classified in the nonkaryotyped category.
Statistical Analysis
Statistical analyses were performed by least-squares analysis of variance using the General Linear Models procedure (Tables 1 and 3) or by the Categorical Data Modelling (CATMOD) procedure (Table 2 ) of the Statistical Analysis System [15] . For categorical data analyzed by least-squares analysis of variance, data analyzed were percentages calculated for each bull-replicate subclass. The main effects in the model were bull and replicate, and, where appropriate, chromosome composition and day (Day 2 or 5). Data were analyzed three ways: 1) as a complete data set, 2) after nonkaryotyped embryos were excluded (to determine treatment effects in karyotyped embryos only), and 3) after nonkaryotyped and diploid embryos were excluded (to determine treatment effects in abnormal embryos only). Data were first analyzed with all possible interactions in the model and then reanalyzed after removing nonsignificant or nonestimable terms.
RESULTS
Penetration, Cleavage, and Development Rates
A total of 267 oocytes in two replicates were used to determine the bovine oocyte penetration rates by bulls N, T, and P (Table 1) . Although polyspermy was observed, there were no significant differences among the three bulls tested. Cleavage and development rates beyond the 8-cell stage were determined for all three bulls, with a total of 2489 oocytes in 12 replicates (Table 1 ). There were no significant differences among the three bulls for any endpoints. 
Occurrence of Chromosomal Abnormalities in Embryos
The number and percentage of chromosomally abnormal embryos at Days 2 and 5 postinsemination are presented in Table 2 . There were no effects of day or bull X day on the incidence of abnormalities except that the frequency of mixoploids was greater (p < 0.01) on Day 5 (19 of 158, 12.0%) than on Day 2 (8 of 204, 3.9%). Mixoploidy was seen only in embryos that had developed beyond the 8-cell stage. The most frequent types of mixoploidy seen were diploid/triploids (10 of 158, 6.3%) and diploid/tetraploids (6 of 158, 3.8%). While mixoploidy was very common on Day 5 (19 of 158, 12.0%), the most common abnormalities on both days were aneuploidy (53 of 362, 14.6%) and polyploidy (39 of 362, 10.8%). Polyploid embryos consisted mostly of triploids (28 of 362, 7.7%) and tetraploids (10 of 362, 2.8%).
The overall frequency of chromosomal abnormalities differed among embryos obtained with semen from different bulls (p < 0.03). The frequency of abnormalities in embryos was greatest for bull T (61 of 138, 44.2%), intermediate for bull P (41 of 109, 37.6%), and least for bull N (34 of 115, 29.6%). More embryos with aneuploidy were obtained with bull T (32 of 138, 23.2%) than with bulls N (10 of 115, 8.7%) or P (11 of 109, 10.1%) (effect of bull, p < 0.005). There were no differences in the frequency of other abnormalities among the embryos of the three bulls. Differences among bulls were similar at Day 2 and Day 5; i.e., there were no bull X day effects. 
Embryonic Development and Chromosomal Abnormalities
There was no overall effect of bull on the rate of embryonic development as evidenced by cell number at Day 5 (least-squares mean SEM: 15.4 + 1.7, 16.7 + 1.9, 16.3 2.0, for bulls N, T, and P, respectively). No difference was detectable in the growth rates of embryos of different chromosome composition on Day 2. However, on Day 5 there was a difference between chromosomal groups. The chromosome composition and cell number of embryos on Day 5 are summarized in Table 3 . The frequency of chromosomally normal (diploid) embryos increased as development progressed. The percentage of normal embryos (out of those karyotyped) was 25.0% for the 2-8-cell stage, 53.3% for the 9-16-cell stage, 74.4% for the 17-31-cell stage, and 73.9% for those embryos with 32 cells or more. Diploid embryos (Fig. 1) were found at all cell stages but predominated among those with higher cell numbers. Aneuploid embryos (Fig. 2) were present at all cell stages but were most abundant among embryos ranging from 2 to 31 cells, whereas haploid (Fig. 3) and polyploid (Fig. 4) embryos were most frequent for embryos with cell numbers ranging from 2 to 16 cells. Mixoploid embryos were absent from those in the early cleavage stages (2 to 8 cells) but were among those with higher cell numbers. As determined by least-squares ANOVA, the rate of development as evidenced by cell number for Day 5 embryos was slowest for haploid (7.9 + 6.0 cells) and polyploid embryos (7. 
DISCUSSION
The present study demonstrates that the chromosomal status of the embryo influences in vitro developmental rate. Development, as judged by total number of cells for Day 5, was greatest in diploid and mixoploid embryos, least in haploids and polyploids, and intermediate in aneuploids. These developmental rates are unlikely to be an artifact of the culture system used since consistent rates of cleavage, development beyond the 8-cell stage, and incidence of chromosomally normal embryos have been produced in our laboratories with similar culture systems [8, [16] [17] [18] . Also, the percentage of chromosomally abnormal embryos obtained with semen from the normal bull in this study falls within the range (12-44%) reported in other studies using semen from normal bulls [3-5, 19, 20] . The incidence of chromosomal abnormalities in embryos produced by in vitro procedures is generally higher than that of embryos formed in vivo [19, 20] , probably in part because chromosomally abnormal embryos are less likely to be detected among the latter because of their low mitotic index and/or loss during earlier stages of embryonic development [1, 2] .
Previous studies have shown that the sex of the embryo has an effect on the developmental rate of mouse [21] [22] [23] , pig [24] , and human embryos [251] , with male embryos developing faster than female embryos. In cattle, male embryos cleave earlier than females [17] , although the difference in developmental rate, as judged by cell numbers only, becomes statistically significant between Days 5 and 8 [8, 17] . However, the effect of chromosome constitution as a whole on embryonic development has not been fully explored in cattle. In the present study, haploid embryos were noted to carry fewer cells than diploid embryos on Day 5 in vitro development. Lack of an entire set of chromosomes may cause a reduction in developmental rate due to the lower levels of gene products and the suboptimal nucleocytoplasmic ratio in the haploid embryos, which in turn may increase the duration of the cell cycle and slow down development [26] . UJltrastructural evidence suggests that the retarded development may have a metabolic basis. In cattle, haploid parthenogenotes have been observed to possess few microvilli and lipid droplets, suggesting poor uptake and storage of nutrients. In addition to an acentrically located nucleus suggesting cytoskeletal disorganization [27] , some parthenogenotes were also noted to carry abnormal golgi apparatus [27] indicative of an inability to process proteins [28] . Mouse haploid parthenogenotes have been seen to develop more slowly in culture during the preimplantation period compared to fertilization-derived diploid embryos [29, 30] .
Polyploid embryos were also noted to develop at a slower rate than diploid embryos in the present study. Similarly, triploids and tetraploids among in vivo-derived bovine embryos possessed lower cell numbers relative to their diploid counterparts [31] . Studies on murine embryos lead to conflicting results: in one study, triploid embryos cleaved more slowly than diploid [32] [33] [34] , whereas other reports indicate no difference in cleavage rates between these groups [35] [36] [37] . The difference in the results may be due to the different techniques used to induce polyploidy in these studies. The possibility exists, however, that the duration of the cell cycle is increased in polyploids because of the time needed for the replication of larger numbers of chromosomes and that the prolonged cell cycle time may be responsible for the decrease in the developmental rate as evidenced by a lower cell number. Interestingly, mixoploids in the present study exhibited rates of development similar to those of the diploids on Day 5. Mixoploids with diploid/ triploid or diploid/tetraploid chromosome constitution can arise through fusion of blastomeres in a growing embryo [38] or through chromosome replications without subsequent karyokinesis during cleavage divisions [2] . The slower rate of development in polyploid bovine embryos ( [31] , present study] indicates that diploid/polyploid mixoploids also could eventually end up with a reduced cell number later in development. It has been shown, however, that mixoploid embryos may produce live-born young if polyploid cells enter the trophoblast lineage and participate in the formation of extraembryonic structures. Diploid/polyploid mixoploidy has also been observed in the trophoblasts of many domestic species after Day 10 in vivo [39] [40] [41] .
The timing of the transcriptional burst in mammalian embryos is species-specific [42] [43] [44] . In cattle, there is a low level of transcription at the 2-cell stage [18] ; however, the burst in activity occurs at the 8-cell stage, which is also the point when development usually stops in vitro under suboptimal conditions [45, 46] . Given that transcription starts as early as the 2-cell stage in in vitro-produced bovine embryos, it is conceivable that chromosome constitutions will affect development even at this early cell stage. King et al. [201 have shown that among in vivo-derived Day 2 embryos, chromosomally abnormal ones are the least advanced in development within each flush. Our results suggest that the developmental rate of the embryo is also governed by its ploidy, possibly as early as at the 2-cell stage.
In the present study, the rates of penetration, cleavage, and development beyond the eight-cell stage were observed to be similar for all three bulls. This may be attributable to the in vitro fertilization system used, which may have eliminated differences between bulls. However, it is noteworthy that differences in these parameters have been previously reported in embryo development [47] [48] [49] [50] [51] . In the present study, bull-related differences were noted only in the frequency of chromosomal abnormalities in the embryos produced. Bull T, a 1/29 Robertsonian translocation carrier, was shown to produce more chromosomally abnormal embryos than bull N or bull P. This difference may be attributable to the production of aneuploid embryos, which, on a theoretical basis alone, should be much higher for embryos produced by a translocation carrier than for those from chromosomally normal bulls [52] . Carriers of this type of translocation can produce gametes with six different chromosome complements, only two of which could produce viable offspring while the other four types would produce chromosomally unbalanced embryos (either monosomic or trisomic involving chromosomes 1 and 29). Loss of these embryos, occurring within the first or second week of development [38, 53] has been postulated to be a major factor leading to the reduction of fertility in 1/29 translocation carriers [54] .
Fertility of 1/29 Robertsonian translocation carrier bulls has been reported to be 7-20% lower than that of normal bulls [55, 56] . As stated above, this reduction in fertility may be attributable to the production of aneuploid embryos. Aneuploid embryos produced by the three bulls (predominantly by bull T) had developmental rates intermediate to the slowest (haploids and polyploids) and the fastest (diploids and mixoploids). The slower rate of development of aneuploid embryos relative to that of diploids may be due to the repair mechanism that causes "developmental arrest" as seen in human aneuploid blastomeres [571. This mechanism is postulated to lead to the elimination of genetic material either by exclusion from interphase nuclei followed by its intracellular degradation or by extrusion of DNA and formation of structures called pseudonuclei outside the cell [58] . Alternatively, an imbalance in the expression of genes due to the hypodiploid or hyperdiploid status of these embryos may be responsible for the reduced rate of embryonic development compared to that of diploid embryos.
It has been estimated that the incidence of chromosomal abnormalities in in vitro-derived bovine oocytes is approximately 15%, comprising 4.2% aneuploids and 10.7% diploids [59] , whereas the incidence of nondisjunction in bovine spermatogenesis is approximately 2.8% [60] . Therefore, a portion of the abnormal embryos can arise from chromosomal abnormalities in the gametes, while errors in fertilization and development account for the remainder. As our knowledge of the factors controlling fertilization and in vitro culture systems improve, it may be possible to reduce the incidence of chromosomal abnormalities in embryos. However, the total elimination of chromosomal abnormalities would seem unlikely since some of these originate at meiosis.
In conclusion, results of this study have shown that chromosomal abnormalities are associated with developmental delay in bovine embryos. It is possible that this delay originates at an early stage in embryonic development. Chromosomal abnormalities in bovine embryos affect growth in vitro by delaying cleavage, which leads to lower than expected cell numbers at specific times in development. By Day 5 in vitro, haploid and polyploid embryos exhibit the slowest rate of development and mixoploid and diploid embryos the fastest, while aneuploid embryos grow at a rate intermediate to those of these two groups. Our results also suggest that eliminating embryos that are retarded in growth on Day 5 in vitro, before sex-related developmental differences become apparent, may diminish the frequency of chromosomally abnormal embryos; this in turn may reduce the loss due to embryonic mortality when embryos are transferred to recipients.
